Semi -quantitative food checklists and duplicate beverage samples were collected from up to 80 individuals in Maryland in 1995 ± 1996 in as many as six approximately equally spaced sampling cycles as part of a pilot longitudinal exposure investigation. The duplicate beverage samples were homogenized and analyzed for arsenic ( As ) , cadmium ( Cd ) , chromium ( Cr ) and lead ( Pb ) using inductively coupled plasma mass spectrometry ( ICP -MS ) . Metal concentrations ( g / kg ) and weights of the duplicate beverage samples ( kg / day ) were used to derive average daily exposure ( g / day ) for each metal. Mixed models and generalized linear models were used to evaluate temporal and population variability of the beverage consumption rates, the log -transformed metal concentrations in the beverage samples, and the associated exposures. The mean number of beverage servings consumed per day was 3.4 ( SD 1.9 ) . The temporal variability of the total beverage consumption rates was found to be significant ( p = 0.0476 ) . As, Cd, Cr, and Pb were present at quantifiable levels in 93.5, 76.0, 93.5, and 96.7% of the beverage samples, respectively. The mean concentration in the samples was 2.0 ( SD 4.4 ) g / kg for As, 0.9 ( 1.6 ) for Cd, 29.2 ( 138.5 ) for Cr, and 2.0 ( 2.4 ) for Pb. The mean log -transformed concentrations for As, Cr and Pb and exposure for As varied by as much as a factor of 3 across sampling cycles and were statistically significantly different ( p < 0.05 ) . Concentrations and exposures of all four metals varied significantly among participants. These findings are discussed with respect to the data collection methods, results from comparable studies, and implications for exposure and risk assessment.
Introduction
Ingestion of foods and beverages has been classified as a major route of exposure to contaminants ( Berry, 1997 ), yet a fully validated methodology to assess such exposures is still a focus of many research efforts. Dietary assessment is normally done under the assumption that individuals remain relatively consistent in their eating habits (Kohlmeier, 1995 ) . Similarly, the contaminant concentration in an individual's diet is often considered to be constant over time (Pennington, 1992 ) . It is of interest to examine these assumptions by studying the variability in dietary exposure to contaminants with time. For example, dietary habits may differ in winter and summer seasons. Further, the source of foods and beverages, and a concomitant difference in contaminating materials, may result in exposure differences measurable in such investigations.
Dietary intake of metals is of particular interest. Metals are ubiquitous in the environment. Plant uptake from soil can result in elevated levels in fruits and vegetables.
Consumption of plants by animals results in the presence of such species in eggs, meat, and fish. In regions where environmental contamination is high, levels can be elevated in both plants and animals. Industrial effluent, fertilizer use, and the use of pesticides can compound the problem. In addition, foods and beverages may be contaminated during storage, preparation, and consumption.
Numerous metals have received attention as both environmental contaminants and potential toxicological hazards. For example, arsenic ( As ), cadmium ( Cd ), chromium ( Cr ), and lead (Pb ) have extensive distribution in the environment ( Mislin and Ravera, 1986; Gordon and Hutchinson, 1994; Katz and Salem, 1994; Chappell, 1997 ) . Human activities have altered the natural distribution of these metals in the environment substantially, leading to potentially elevated concentrations of these metals in food and other media. Each of these metals has been associated with adverse health outcomes in human populations (Nriagu, 1986; WHO, 1988; Mushak and Crocetti, 1996; Chappell et al., 1997 ) .
Determination of the dietary intake of metals may be accomplished directly through the use of duplicate diet analysis ( Thomas et al., 1997 ) . Alternative strategies include indirect methods such as use of a food diary, in which participants write down all foods eaten, and market basket surveys of foods analyzed for contaminant concentration. The former reduces the burden on the participant from preparation of an extra serving of each food consumed; the latter reduces analytical costs through the collection of fewer samples. Combination of these two data streams using a modeling approach affords an indirect assessment of exposures to the targeted species. Although less burdensome on participants, and less costly than duplicate diet analysis, this method suffers in that it does not analyze samples of actually consumed foods.
The objectives of our research were to estimate exposure to As, Cd, Cr and Pb from ingestion of beverages and to characterize the temporal variability of that exposure. Metal exposure through beverage consumption was determined through measurements of the elements in duplicate beverage portions collected from the study population. As part of our research, we also assess the ability of dietary checklists to measure beverage consumption levels.
Methodology
The National Human Exposure Assessment Survey ( NHEXAS ) investigations are a series of field studies designed as pilot investigations for national -scale, multimedia, multipollutant exposure assessment studies (Buck et al., 1995a,b; Lebowitz et al., 1995; Pellizzari et al., 1995; Sexton et al., 1995) . The NHEXAS -Maryland (MD ) investigation ) was a special study designed to assess the statistical significance and magnitude of temporal variability in exposure to various pollutants experienced through various media. The NHEXAS-MD sampling design called for a stratified random sample of the four-county area including metropolitan Baltimore and surrounding counties. The target initial sample size of 80 was developed to ensure that 50 homes remained in the study at the last sampling cycle considering an expected dropout rate at each cycle ( Ryan, 1995 ) . Briefly, the sample strata, which included urban minority, urban non -minority, suburban minority, suburban non -minority, and rural groups, were selected based on the expectation that urban, suburban, and rural pollutant exposures are likely to display different characteristics and a desire to represent a diverse population base. The sample size was limited by the longitudinal structure of the design; each individual and household was to be sampled repeatedly, increasing the number of samples collected multiplicatively. Demographic characteristics of the study population have been presented elsewhere (Echols et al., 1999 ) . Beverage samples and food checklists were collected on 4 days of a week -long monitoring period from each participant in as many as six sampling cycles. The cycles were approximately equally spaced between September 1995 and September 1996 and were each approximately 2 months long. Cycles 1 ±6 correspond to September 21 ± December 20, 1995; January 15± February 25, 1996; February 26 ±April 20, 1996; April 22± June 14, 1996; June 17 ±July 27, 1996; and July 29 ±September 18, 1996, respectively . Sample collection and analysis methods for duplicate beverage samples are described in brief here; details are reported in Scanlon et al. ( 1999a ) .
Beverage Consumption
Participants in the NHEXAS -MD study self -reported the number of servings of various beverages consumed using a food checklist questionnaire. A participant completed the checklist on each of 4 consecutive days during each cycle. During the initial visit in a cycle, a face -to -face interview with the participant was conducted with instruction given on how to fill out the dietary checklist. During the final visit in a cycle, the questionnaire administrator went over each checklist with the participant in order to address any problems. Participants were instructed to include all foods taken both at home or out of the home. The checklist contained 23 beverages classified into four categories: dairy (N = 3) , fruit (8 ), vegetable (2 ), and other beverages (10 ) . Participants recorded the number of beverage servings consumed on each day by checking the corresponding number on the checklist. A maximum of 24 days (six cyclesÂ4 days /cycle ) of information was possible for each participant. Entry of the data into an electronic database was done using a double -keypunch procedure to identify and correct data entry errors. The details of the dietary checklist collection can be found in Scanlon et al. (1999a,b ) .
Duplicate Diet Samples
Participants were requested and agreed to save a duplicate portion of each beverage item consumed during the 4 days during which the checklists were administered. Participants were instructed to include all foods taken both at home or out of the home. To reduce the likelihood of participants changing their food intake during the sampling period (Kim et al., 1984 ) , participants were compensated at a rate of US$15 / day for the 4 days of duplicate diet collection. Each participant was asked to note when food consumed was not included in the duplicate diet portion. Duplicate portions were placed in pre -cleaned, leak proof, 1 -gallon highdensity polyethylene containers. Commencing with cycle 2, the weight of each duplicate beverage sample was recorded by a field technician. Samples were homogenized and analyzed by inductively coupled plasma mass spectrometry (ICP-MS ) for selected elements, including total As, Cd, Cr and Pb following protocols developed by the FDA ( FDA, 1997 ).
Quality Assurance
To ensure traceability and accuracy of the data, a series of quality assurance steps was performed. A chain of custody ( COC ) form followed each food checklist and sample from the field, to the laboratory, and finally to the database manager. A food checklist or duplicate diet data point not accompanied by a completed COC, or vice versa, was omitted from subsequent analysis. Respondents recorded types and amounts of beverages not saved on a log sheet provided by the field staff. Nine percent of the duplicate beverage samples was reported as incomplete for reasons including illness, travel, not eating at home, limited food availability, and fatigue. No adjustments were made to account for these omissions. ICP-MS analyses were performed in accordance with quality assurance measures developed by the FDA and are reported elsewhere ( FDA, 1997 ) . Limits of detection (LODs) and spike recoveries were determined for each metal species throughout the study. No field blanks or replicate field samples were obtained.
Data Analysis
The checklist and beverage sample data were merged by participant and cycle into a single data set. To evaluate temporal variability of dietary exposure, the database was restricted to participants who provided beverage consumption data and a duplicate beverage sample in two or more cycles. The final data set contained 367 observations from 74 participants who met the quality assurance requirements and participated in two or more cycles. An observation contained the average daily consumption rate (servings /day ) for each beverage item, the average daily beverage sample weight ( kg/day) , the concentration of each metal in the beverage sample (g/kg ) , and the computed average daily exposure ( g /day ) for each of the metals. Metal concentrations below the LOD were set to one -half the LOD. Average daily exposure for As, Cd, Cr and Pb in beverages was computed as the product of the average daily weight of duplicate beverage sample and the concentration of the metal in the sample. The results presented here do not include drinking water consumption, metal concentrations therein, and metal exposure via drinking water. These were assessed separately and are reported elsewhere .
Descriptive statistics for beverage consumption rates, metal concentrations and exposure to As, Cd, Cr, and Pb were generated for each cycle. The observed data exhibited positive skewness, while natural log -transformed values were approximately normally distributed. Statistical analyses were therefore performed on natural log -transformed values. Following Scanlon et al. ( 1999a ) , a mixed model was used to test for significant variability of logtransformed mean beverage consumption rates, residue concentrations, and average daily heavy metal intake by sampling cycle. A two -way generalized linear model ( GLM ) was used to test for significant inter-individual variability for each exposure metric controlling for the effect of sampling cycle.
Within -person variability of beverage consumption rates, beverage metal concentrations and beverage metal exposure was examined for individuals who participated in all six sampling cycles. Two approaches were used to describe the degree to which a single exposure measure for an individual represents his or her long -term average exposure. In the first approach, the mean intra -individual coefficient of variation was computed for each exposure measure. The coefficient of variation characterizes variability of exposure among sampling events for a typical individual compared to his annual average exposure. In the second approach, the PROC MIXED procedure in SAS 6.12 for Windows (SAS, 1996 ) was used to generate withinindividual correlation coefficients between all pairs of cycles for total beverage consumption, beverage metal concentration and beverage metal exposure ( Littel et al., 1996) . The correlation coefficients describe associations of an exposure variable between sampling cycles for individuals.
Results
The number of individuals who provided both checklist and sample data for cycles 1 ±6, respectively, was 73, 67, 62, 66, 40 and 59. The number of observations collected per participant over the six cycles was as follows: 25 respondents provided a sample in all six cycles; 29 in five cycles; 12 in four cycles; and eight in three cycles. More than 80% of the study population participated in both the checklist and duplicate portions in four or more cycles.
Beverage Consumption
Descriptive statistics for the consumption rates of the beverage groups are presented in Table 1 . The mean number of beverage servings consumed per day was 3.4 (SD 1.9 ). Items in the``other'' category ( includes soft drinks, coffee, tea, etc. ) accounted for the majority of the beverage servings consumed, while the vegetable beverages (e.g., tomato juice, both canned and fresh ) accounted for the least. The beverage group classified as``other'' was the only group that displayed significant ( p= 0.0100 ) variability of consumption across cycles (Table 1 ) . The temporal variability of the total beverage consumption rates also was significant ( p =0.0476 ) . Consumption rates of the dairy, fruit, other and total beverages varied significantly ( p = 0.0001 ) across participants (HIN ), while variability associated with consumption of vegetable beverages was not significant across participants.
Quality Assurance for Duplicate Beverage Samples
LODs and spike recoveries were evaluated for temporal variability prior to analysis of the metal concentrations. The LODs for all the metals (Table 2 ) were found to vary significantly over the cycles, although the magnitude of the variability was small compared to concentrations measured in field samples. The spike recoveries ( Table 2 ) did not vary significantly over cycles except for those of Cr ( p =0.0497) . However, the absolute amount of variability again was relatively small even for the Cr spike recoveries, which ranged from 92.5% to 117.0%, when compared to the concentrations measured in the field samples. Further, spike recoveries centered near 100%, suggesting good data quality for these measures.
Metal Concentrations in Duplicate Beverage Samples
Distributions of metal concentrations in the whole set of duplicate beverage samples are summarized in Table 3 . As, Cd, Cr and Pb were present in 93.5, 76.0, 93.5 and 96.7% of the beverage samples, respectively.
The descriptive statistics of element concentrations by cycle is shown in Table 4 . Cycle -specific, median concentrations of As varied by a factor of 3 across cycles (0.6 ± 1.8 g/kg ), while those for Pb ranged only from 1.6 to 2.3 g/kg. In the repeated measures mixed model, mean Insufficient non -zero data to estimate an unstructured covariance matrix using PROC MIXED repeated measure switch; p-value based on two -way generalized linear model. 
Exposure to Metals in Beverages
The mean weight of average daily duplicate beverage samples from cycles 2 through 6 was 0.92 kg ( SD = 0.42) with a range of 0.06 ± 2.22 kg. The mean weight of duplicate beverage samples in cycles 2 ± 6 was 1.00, 0.92, 0.88, 0.91, 0.87 kg, respectively. Again, weights were not obtained in cycle 1. The mean log -transformed weight of duplicate beverage samples varied significantly across cycles ( p =0.0300) and across individuals ( p= 0.0001 ).
Distributions of average daily exposure for As, Cd, Cr, and Pb are summarized in Table 3 . Single observations of exposure for each metal varied over approximately two orders of magnitude. Median exposures across cycles differed by as much as twofold for As and Cd and by nearly sevenfold across cycles for Cr ( Table 5 ) . Mean logtransformed average daily exposure to Cd did not vary significantly ( p = 0.1760 ) across cycles, while significant variability was observed for As ( p= 0.0001 ). Betweencycle variability of exposure was marginally significant for Cr ( p= 0.0575 ) and Pb ( p = 0.0745 ) . The inter-individual variability of metal exposures was marginally significant ( p =0.0732 ) for Cr and highly significant ( p = 0.0001 ) for As, Cd and Pb.
Within -Person Variability of Metal Exposure
The mean intra-individual coefficient of variation for total beverage consumption was 0.32 and those for metal concentrations (metal exposures ) were 0.84 (0.80 ), 0.82 (0.80) , 0.73 ( 0.73) , and 0.63 ( 0.62) for As, Cd, Cr and Pb, respectively. Thus, total beverage consumption rates for an individual varied by 30% on average from one cycle to the next. In contrast, within -person variability of beverage metal concentrations and exposures was approximately twice as great as that for beverage consumption rates.
The within -person correlation coefficient was estimated for each exposure measure to evaluate consistency of exposure over time for individuals. The intra -individual correlation coefficient was 0.54 for the rate of total beverage consumption. Associations were weaker for beverage metal concentrations than beverage consumption rates and ranged from 0.14 for Cr to 0.37 for Pb. Withinperson correlation coefficients for beverage metal exposure were approximately equal to those for beverage metal 
Discussion
Repeated measures of beverage consumption rates and heavy metal concentrations in duplicate beverage samples were obtained from up to 80 individuals in Maryland over a 12 -month period to obtain information on temporal variability of exposure to contaminants via ingestion of beverages. In this section, we discuss the strengths and limitations of the methods employed, compare the findings to results of similar studies, and consider implications of the findings for exposure, risk assessment, and epidemiological research. Key issues in dietary assessment methods include the reproducibility of consumption measurements ( Willett et al., 1985; Feskanich et al., 1993; Xing et al., 1995 ) , the inability of the food record or diary to estimate long -term average intake (Freedman et al., 1991 ) , the validity of results based on recall methods ( Willett et al., 1985; Block and Hartman, 1989; Feskanich et al., 1993; Liu, 1994 ) . The food checklist method used in the present study is a combination of a dietary record and semi -quantitative food frequency questionnaire. The strengths of this combination are reduced recall bias, consumption levels based on portion size, minimal participant burden, and standardization of reporting. Disadvantages include a restricted set of beverages, although respondents were given the opportunity to write in beverages not on the checklist.
An internal validation of the food checklist data was performed by comparing the duplicate beverage sample weights to a weight derived from the food checklist servings data. The derived weight was computed as the sum across all beverages of the product of the number of servings consumed and serving weight ( based on serving sizes noted on the checklist and an assumed density of 1.0 g /cm 3 ) . The difference between the mean derived weight and measured beverage sample weight was 6.5% of the weighed beverage mean. The Pearson correlation between the two measures was 0.58. We consider this to be a favorable comparison given differences in what respondents may consider a serving and the high likelihood that not all beverages consumed were recorded on the checklist or saved.
This dietary checklist has not been used in other assessments; thus, direct comparisons to results of other studies are not possible. However, an internal validation of the solid food portion of the checklist was performed and derived weights compared favorably to measured weights of duplicate solid food samples (Scanlon et al., 1999a ) . Also, several studies of the validity and reproducibility of the parent instrument, the Willett questionnaire, have been performed (Willett et al., 1985; Rimm et al., 1992 ) and those favorable results are additional indicators of the performance of the checklist. The central tendency and dispersion of consumption rates reported by our population for individual items on the checklist are approximately equal to those reported for an adult population that completed the Willett questionnaire (Feskanich et al., 1993 ) . Thus, there is no apparent bias in the rates reported herein. Average daily intakes of inorganic As and methylmercury derived from the Willett questionnaire were found to have correlation coefficients of 0.48 and 0.66, respectively, with body burdens of As and mercury measured in approximately 900 male and female adults (Macintosh et al., 1997) . Because the checklist was administered on a daily basis in our study and the Willett Longitudinal exposure to heavy metals in beverages MacIntosh et al.
food frequency questionnaire was used to characterize intake over the preceding year, the correlation between actual consumption rates and those reported on the checklist may be stronger than those observed for the food frequency questionnaire. Although not definitive, these observations indicate that the checklist employed in the NHEXAS-MD investigation is a reasonably reliable instrument for assessing beverage consumption rates. In this study, personal dietary beverage exposure to environmental contaminants was assessed by a duplicate portion methodology followed by chemical analysis for As, Cd, Cr, and Pb. The duplicate portion method affords a direct measure of contaminant exposure in contrast to the market basket approach in which consumption and contaminant data for individual foods and beverages, often collected separately and for different purposes, are combined to assess exposure (WHO, 1985; Thomas et al., 1997 ) . Chemical analysis of duplicate diet samples provides data on aggregate dietary exposure, but no direct information on the contributions from individual food items. Statistical methods that relate food consumption data to contaminant levels in duplicate diet samples may be used to identify food -specific contributors to exposure, e.g., (Freeman et al., 1997; MacIntosh et al., 1997 ) . Results of such an analysis performed on the NHEXAS -MD food checklist and duplicate diet results will be reported elsewhere ( Scanlon et al., 1999b ) . A more complete discussion of the advantages and disadvantages of the duplicate diet methodology appears elsewhere ( Kim et al., 1984; Thomas et al., 1997 ) .
The average daily consumption rate for beverages in this investigation was 0.92 kg/ day. The average daily rate of drinking water consumption for the NHEXAS -MD population was 1.01 kg/ day (MacIntosh et al., 1999 ) . Combining the two consumption rates to yield an aggregate beverage consumption rate of 1.93 kg/ day allows comparisons of these findings with those from other studies to be made. Aggregate beverage consumption rates of 1.653 and 1.396 kg /day have been reported elsewhere (Dabeka et al., 1987; Pedersen et al., 1994 ) . Differences among the three studies may be attributed to differences in the populations and data collection methods. However, all of these values fall within the estimated U.S. Environmental Protection Agency ( EPA ) adult beverage intake range of 1.0 ±2.4 kg /day under normal temperature conditions (EPA, 1989) . This observation suggests that our population complied with the sampling protocols to a reasonable degree.
Because duplicate portions were composited over 4 days, we were not able to assess compliance with sampling protocols within a cycle. However, results of other investigations indicate that participants are likely to achieve high compliance rates for up to 4 consecutive days, but not much longer (Thomas et al., 1997 ) . The average weight of duplicate beverage samples decreased approximately 13% from cycles 2 through 6. A similar decrease (16% ) was observed for duplicate solid food samples collected from the same study group (Scanlon et al., 1999a ) . Thus, compliance with sampling protocols may have waned with each additional sampling cycle.
Dietary exposure to heavy metals has been measured or modeled in other studies, although we are aware of only two duplicate diet investigations in the U.S. that analyzed samples for As, Cd, Cr, or Pb. Based on measurements of daily food samples from 30 children less than 7 years old, the average daily ingestion of As was estimated to be 7.05 g/day (Walker and Griffin, 1998) . Mean Pb intake was estimated to be 8.3 g /day from duplicate diet samples collected by the mothers of 24 children 2 ±3 years old (Manton et al., 1991 ) . Exposure to heavy metals through consumption of solid foods for the NHEXAS -MD population is reported by Scanlon et al. ( 1999a ) . Combining those findings with the beverage data in this paper, total dietary exposure to As and Pb, excluding drinking water, was 22.2 and 9.2 g/ day, respectively. The contrasts among these three studies may be due to differences between children and adults in amounts and types of food consumed.
The Total Diet Study (TDS ) is a market basket survey conducted annually by the FDA in which levels of selected elements, pesticides, radionuclides, and industrial chemicals are measured in over 200 food items (Pennington et al., 1996 ) . The foods are obtained from retail outlets and are prepared for consumption following standard recipes prior to analysis (Pennington and Gunderson, 1987) . For this reason, results of market basket studies of heavy metal intake that utilize the TDS data are probably the most relevant for comparison to the NHEXAS -MD duplicate diet results. Using TDS data, mean dietary exposure via consumption of solid foods and beverages (excluding drinking water ) for U.S. adults was estimated to be 33 g/ day for As, 11 g /day for Cd, and 7 g/ day for Pb (Gunderson, 1995 ) . Using long -term average food consumption rates from a large population of U.S. adult males and females and TDS residue data, estimated mean (median) average daily intakes of As, Cd, and Pb were 55 ( 40 ), 19 (18 ) , and 15 (13 ) g/day, respectively (MacIntosh et al., 1996 ) . Using an analogous method with data from Canada, Dabeka and McKenzie (1992 ) estimated a daily intake of 14.5 g /day for Cd and 36.4 g/ day for Pb of the average adult Canadian. In the NHEXAS -MD study, mean dietary exposure (solid foods and beverages ) was 22.2, 12.0 and 9.3 g/day, for As, Cd, and Pb, respectively. These values are comparable to the FDA estimates and lower than those of Dabeka and McKenzie ( 1992 ) and MacIntosh et al. (1996 ) .
Mean Cr exposure from beverage consumption has been reported to range from 7.1 (Pedersen et al., 1994 ) to 20 g/ day ( Beigo et al., 1998) . In comparison, NHEXAS -MD study found the Cr intake from beverages to be 34.6 g/day (excluding exposure from water ). Some of the differences between the present study and others may be attributed to a single Cr exposure of 3940.1 g /day in cycle 2, which may have been due to the incorporation of Cr-containing dietary supplements. When this value was omitted in the analysis, the average intake was 21.2 g /day, a value comparable to that obtained by Beigo et al. (1998 ) , but greater than that reported by Pedersen et al. ( 1994 ) .
Differences among the reported values noted above may also be due to different beverage consumption rates among the study populations, different sampling durations, and the possible incorporation of dietary supplements containing Cr into beverage samples. It should be noted that our estimates of average daily intake are based on composite 4 -day samples. While a statistically based sample was taken in the NHEXAS -MD study, caution should be exercised in extrapolating the results for three reasons. First, the total sample was 80 individuals, a rather small number especially in light of the stratification selected. Secondly, the sample was drawn only to be representative of the households in the four-county area. Finally, the study was designed as a pilot for larger national investigations. The longitudinal component of the study was of central importance. The data collected are unique in that simultaneous measurements on numerous pollutants from numerous media were collected on a study population throughout a 12 -month period. Analysis of these data affords an assessment of the need for multiple measurements in assessing long -term exposure to various pollutants individually and in consort with other pollutants.
Contaminant exposures based on duplicate diet and market basket studies can be used to document status and trends of exposure within populations or population subgroups, and as inputs to epidemiological investigations of health effects of chemical exposure and human health risk assessments. We found that log -transformed population mean consumption rates for beverage groups, except for beverages classified as``other'', did not vary significantly among six sampling periods spaced over a year. These results indicate that the timing of data collection may not be an important design consideration for studies ( e.g., status and trend analyses and chronic risk assessments ) that intend to utilize measures of central tendency (e.g., median or mean ) for these variables. However, dietary exposure to some compounds may result from consumption of a single or only a few beverages; thus, analyses of consumption data at the beverage group level may not be adequate for exposure assessment purposes. Because the distribution of consumption rates for groups of beverages did not vary substantially among sampling cycles, assessments of risk related to acute dietary exposures based on similar data may also be insensitive to the time of year in which the exposure data are obtained.
Mean log -transformed concentrations of As, Cr and Pb in duplicate beverage samples and exposure to As via beverage consumption were found to vary significantly across sampling cycles. In some cases, median levels ranged by a factor of 3 between cycles. These results may reflect a temporal pattern; however, data from multiple years would be required to observe any such trends. While statistically significant, variability of these measures across cycles may not be substantive in the context of some environmental health applications. Other errors or uncertainties in health risk assessments (e.g., outcome measurements and dose ± response relationships ) may be much larger. However, if concentrations of As, Cr and Pb in beverages and dietary exposures to some metals vary systematically by season for a population, then timing of sample collection should be a component of longitudinal studies designed to characterize exposure and risk. The toxicity of various chemical species of As and Cr is known to vary substantially. In the current study, analyses were limited to total As and Cr in the duplicate beverage samples. Additional research is required to describe the temporal characteristics of dietary exposure to inorganic and organic forms of As, Cr (III ) and Cr ( VI ).
The summary statistics and results from analyses of temporal variability presented above are based on the entire set of data collected during the NHEXAS -MD investigation. It is important to note that many subjects participated in only a subset of the sampling cycles. Therefore, the observed variability in metal concentrations and exposure may not reflect true differences over time, but instead, inclusion and exclusion of influential data points; i.e., incomplete participation of households and individuals with low or high metal concentrations in beverages. To explore this possibility, the hypothesis of no significant temporal variability of metal concentrations and exposures was tested using the mixed model described earlier and observations from the 25 subjects that participated in all six sampling cycles. Similar results were obtained from the full and restricted sets of data for each metal except Pb. In the restricted data set, mean log -transformed Pb concentrations and exposures did not vary significantly ( p= 0.6638 and p =0.6411, respectively ) among cycles. Results from the reduced data set should be interpreted with caution. By restricting the data set to only those participants completing all six cycles, the data set size has been reduced by two thirds. The small sample size increases the standard error estimates by nearly a factor of 2. The loss of power due to the reduction in sample size may be reflected in increased p values for effects. Additionally, the remaining observations may not be representative of the full sample due to differential drop -out rates with respect to certain variables. For example, the mean Pb concentration in beverages for the full data set was 2.0 g/ kg, while for the restricted data set, it was 2.5 g /kg, suggesting that the removed data differ from those retained in a fundamental way. Finally, the mixed model approach attempts to account for the missing data in an unbalanced design using an optimum modeling strategy that includes relationships observed among the various units in the available observations. It would not be surprising, therefore, if certain parameter estimates differed between the full data set and the reduced data set.
Exposure to the four elements included in this study is ubiquitous. While results of animal bioassays are useful for characterizing potential health risks associated with exposure to As, Cd, Cr, and Pb, epidemiological investigations may offer the best means for determining the human toxicity of these compounds. In epidemiology, the objective of exposure assessment often is to place an individual into a broad category of exposure relative to other individuals in the study ( e.g., the upper or lower quartile ) . Accurate determination of exposure for an individual can be obtained from a single short -term exposure measure if the exposure is reasonably constant over time. In the NHEXAS-MD study, we found substantial within-person variability of exposure to As, Cd, Cr, and Pb through beverage consumption over time. For example, the mean intraindividual coefficient of variation of As exposure was 0.80 and the average correlation coefficient between cycles for As exposure was 0.21. With regard to determining the level of exposure for an epidemiological study, our results indicate that a single measure of dietary exposure for an individual based on duplicate diet sampling may not afford an accurate estimate of chronic exposure for that individual. In future research, the NHEXAS -MD data will be used to investigate more fully the reliability of short -term measures of exposure for assessment of chronic exposure for individuals as well as populations.
